A crossed compound parabolic concentrator (CCPC) is applied into a photovoltaic/thermal (PV/T) hybrid solar collector, i.e. concentrating PV/T (CPV/T) collector, to develop new hybrid roof-top CPV/T systems. However, to optimise the system configuration and operational parameters as well as to predict their performances, a coupled optical, thermal and electrical model is essential. We establish this model by integrating a number of submodels sourced from literature as well as from our recent work on incidencedependent optical efficiency, six-parameter electrical model and scaling law for outdoor conditions. With the model, electrical performance and cell temperature are predicted on specific days for the roof-top systems installed in Glasgow, Penryn and Jaen. Results obtained by the proposed model reasonably agree with monitored data and it is also clarified that the systems operate under off-optimal operating condition. Long-term electric performance of the CPV/T systems is estimated as well. In addition, effects of transient terms in heat transfer and diffuse solar irradiance on electric energy are identified and discussed.
Introduction
Flat-plate photovoltaic/thermal (PV/T) hybrid solar collectors, first-time proposed in 1978 [1] and later tested by Ref. [2] , have been developed over the years for efficient solar energy utilization e excellent reviews of this subject were provided in Refs. [3, 4] . In Ref. [5] , a Solarex MSX60 polycrystalline flat-plat PV module was integrated with a heat collecting plate to form a PV/T module and both the electrical and thermal performances of the module were tested. The module showing its primary-energy saving efficiency exceeds 0.6 in comparison with a pure solar thermal collector. Hourly and monthly electrical and thermal performances of a PV/T array were predicted under Cyprus [6] and Greece [7] climate conditions by using TRNSYS software. Various design methods were discussed in Ref. [8] to improve the electrical and thermal performances of a flat-plat PV/T hybrid air collector. Effects of water flow rate and packing factor on the energy performance of a façade-integrated PV/T system were predicted and clarified by using a lumped thermal model [9] .
The overall performance of a PV/T collector with and without glass cover was also analysed in Ref. [10] and a PV/T collector with glass cover having a better performance was identified. A thermal model of a UK domestic PV/T system was established in Ref. [11] , and the packing factor of solar cells and water flow rate was optimized. A full unsteady, 3D numerical thermal model was developed in Ref. [12] to investigate the hourly and monthly electrical and thermal performances of a flat-plat PV/T system, and it was shown that the use of time-averaged climate can lead to an overestimation of the thermal performance.
To improve overall performance of flat-plate PV/T collectors, a PV/T roof-top system with crossed compound parabolic Recently, a computational fluid dynamics (CFD) method has been applied to characterise the optical and thermal performance of a CCPC with PV cell [14] . However, this method was incapable of analysing a concentrating PV/T (CPV/T) hybrid roof-top system from a system point of view.
In this article, we aim to develop a coupled lumped optical, thermal and electrical model to examine the electrical performance of the CPV/T roof-top systems installed in three different geographical locations which operate under variable outdoor climate conditions. The model should be sufficiently robust to allow us to clarify their performance very rapidly, thus aiding to optimise the major design variables and water flow rate through heat exchangers for the systems installed in different places.
Existing models for predicting the thermal performance of solar thermal collectors with compound parabolic concentrator (CPC), i.e. trough, were proposed in Ref. [15] . In the models, the optical efficiency was assumed constant and expressed analytically in terms of the average number of reflections and mirror reflectance of the CPC. The thermal model was for the cylindrical receiver tube installed in a trough. These optical and thermal models were applied to a solar water [16] and air [17] heater with CPC to predict the heater thermal performance. Similarly, these models were used to characterise the thermal performance of a solar air heater designed in Ref. [18] .
In Ref. [19] , CPC, PV cells and air heat exchanger were integrated together to form a PV/T solar collector. Then, thermal and CPC optical models like those in Refs.
[15e18] and a PV cell electrical model were utilized to estimate the collector thermal and electrical performances. Note that the PV cell electrical model was just a general linear correlation of PV cell efficiency with cell temperature proposed by Florschuetz [19] .
A double-pass PV/T solar air collector with CPC was proposed in Ref. [20] . The double-pass means the air enters the CPC from its end, and then goes into the finned heat exchanger underneath the PV cells with a 'U' turn, and finally the heated air flows out of the exchanger. The CPC optical and PV cell electrical models were the same as those used in Ref. [19] , but the thermal models for the air flow in the CPC and in the finned heat exchanger were newly developed.
A numerical study on the optical and electrical as well as thermal performance of PV/T air collector with CPC of concentration ratio (CR) ¼ 2 was conducted under various ducted heat exchanger lengths and air flow rates at 800 W/m 2 irradiance in Ref. [21] . The optical, thermal and thermal models were taken from Refs.
[15e20]. A very similar work can be found in Ref. [22] as well. A preliminary analytical investigation was carried out on a PV/T solar collector with CPC in Ref. [23] . Water was used as a working fluid through a U-type pipe heat exchanger. The optical, thermal and electrical models were identical to those in Refs.
[15e20], too. The PV/T performance was estimated at various CRs and PV cell areas under variable solar irradiances and three water mass flow rates.
In Ref. [24] , a flat-plate PV system with V-trough was built and measured under outdoor conditions and the cooling effect on the PV system electrical performance was explored. The optical model in Ref. [25] and the thermal model for the heat exchanger with cooling water in Ref. [26] , the electrical model for PV modules in Ref. [27] and the scaling law for outdoor conditions in Refs.
[26e29] were combined together to predict the optical, cell temperature and electrical power of the system. It should be pointed out that the solar beam incidence was involved in the optical model but the diffuse component in the solar radiation was neglected.
In this article, a coupled lumped optical, thermal and electrical model is developed by involving variable optical efficiency with new natural heat transfer coefficient for CCPCs and finned heat exchangers. At first, a set of mathematical equations are reformulated based on those in Refs. [19, 30] by adapting new convection heat transfer coefficients for water flow in the heat exchanger in a PV/T collector and for the air flow in the cavity of CCPC. Then, an optical model with a variable optical efficiency is developed in terms of incidence. Additionally, the optical and thermal models are incorporated with an electrical model for PV electrical module with CCPC in Ref. [31] and the scaling law in Ref. [32] . Finally, the models are applied to estimate the electrical performance of the PV/T rooftop system based on hourly monitored solar irradiance, ambient temperature, wind speed and water at the inlet of the first heat exchanger in a day in three different places.
Further, the proposed model itself is innovative because it incorporates the optical efficiency of a CCPC which is correlated with the incidence of solar radiation beam through the optical model. A new scaling law for the electrical model of the PV modules with CCPCs has been developed in-house and utilized here to operate under outdoor conditions. Additionally, convection heat transfer coefficients depending on both CR and inclination angle of CCPCs are adapted in finned heat exchangers to account the low Reynolds number flow effects. Furthermore, diffuse solar radiation component is also included in the model. To the best of the authors' knowledge, no existing model in the literature provides all these innovative features which are vital for the characterisation of hybrid PV/T-CCPC roof-top systems.
Roof-top systems
Photographs of the roof-top PV/T systems installed in Glasgow, Penryn and Jaen are shown in Fig. 1 (a) -(c) respectively. The system has an insulation case with a top glass cover and PV/T modules inside. Under each PV/T module, a finned heat exchanger, which has the same structure and dimensions to the finned heat exchanger described in Ref. [33] , is installed. Water stored in the tank (690 Â 515 Â 520 mm) is driven by a pump, which flows from one heat exchanger to next one in a series to cool down the PV cells glued outside the exchangers and finally returns to the storage tank.
As seen in Fig. 1(a) , the system consists of 2 Â 2 and 9 Â 9 CCPC modules with 2 Â 2 (cells in 50.5 Â 50. Note that the gap between the PV cells and the top glass cover is 37.5 mm in the PV/T modules. This system was installed on a building roof at the University of Glasgow campus in Scotland. The system shown in Fig. 1(b) , installed on a building top at the University of Exeter, Penryn, England, is composed of two 2 Â 2 and 9 Â 9 flat PV modules and two 2 Â 2 and 9 Â 9 CCPC modules. The heat exchangers of 9 Â 9 flat, 9 Â 9 CCPC, 2 Â 2 flat, 2 Â 2 CCPC are connected to each other in a series. The same system is installed on a building top at the University of Jaen, Spain, and the three rooftop systems share the same geometrical dimensions and structure.
To illustrate the working situation and testing instruments of the three roof-top systems mentioned above, their block diagrams are presented in Fig. 2 , in which Fig. 2(a) represents the block diagram of the roof-top system shown in Fig. 1(a) , i.e. a two-stage system, while Fig. 2(b) stands for the block diagram of the rooftop systems in Fig. 1(b) and (c), i.e. a four-stage system. The testing instrumentations for characterizing the electrical and thermal performances of three CPV/T systems are also illustrated in Fig. 2(c) . The thermocouples at the heat exchange inlet and out and on the top of the water tank are used to monitor the water temperature. The data logger controls the signal to operate the pumps and the electric circuit load, and also acquires voltage, current, temperature and flow meter frequency. An in-house developed maximum power point tracer (MPPT) was applied to track the maximum power point (MPP) of an I-V curve. Additionally, a pyranometer (CPM11) was installed beside the PV case to monitor the solar irradiance. Even though the tilted angle of the CPV/T system is adjustable manually, it is fixed all the time in three sites mentioned above.
The coordinates and annual average meteorological parameters in Glasgow, Penryn and Jaen are presented in Table 1 . The annual average global solar energy in Penryn is around 20% higher than that in Glasgow, while the annual average global solar energy is doubled in Jaen in comparison with that in Glasgow (1094 kWh/ m 2 ).
Modelling methods
If the block diagrams in Fig. 2 are looked at carefully, they are essentially composed of two elementary PV/T modules, i.e. a flat PV/T module and a PV/T module with CCPC, as shown in Fig. 3 . At first, we establish optical, thermal and electrical models for these elementary PV/T modules, respectively, then combine them together according to the actual components of a roof-top system shown in Fig. 1(a) -(c). Finally, performance of the roof-top system is predicted by using the combined models.
To establish a lumped thermal model, as done in Refs. [9, 20] , it is assumed that the temperature on the top glass cover, PV cells, absorber, and back cover are uniform, but the temperature in the flow medium in the heat exchangers varies linearly from their inlet to outlet. Accordingly, the optical, thermal and electrical coupled transient energy balance equations for the top glass cover, PV cells, absorber, water and back cover of a PV/T system, as shown Fig. 3 , can be written as follows: Fig. 1 . Three roof-top systems designed for SUNTRAP project, (a) two 2 Â 2 and 9 Â 9CCPC modules installed at the University of Glasgow, Scotland, (b) 9 Â 9flat, 9 Â 9CCPC, 2 Â 2flat and 2 Â 2CCPC modules installed at the University of Exeter, Penryn, England, (c) 9 Â 9flat, 9 Â 9CCPC, 2 Â 2flat and 2 Â 2CCPC modules installed at the University of Jaen, Spain.
where the mass of the glass cover, PV cell, absorber, water and back cover, M g , M s , M p , M f and M b have been scaled by using the collecting area; C g , C s , C p , C f and C b are the specific heat of the glass cover, PV cell, absorber, water and back cover, J/(kg K) respectively; T g , T s , T p , T f and T b are the unknown mean temperatures of the top glass cover, PV cells, absorber, water and back cover, o C. The water mean temperature is represented by
where T fi is a known temperature of fluid at the inlet of a heat exchanger, and T fo is the unknown temperature of fluid at the outlet of the heat exchanger. S is the solar irradiance, W/m 2 ; _ m f is the water flow rate through the exchanger, kg/s, CR is the known concentration ratio of CCPC, h opt is the known optical efficiency which can be obtained experimentally or by CFX multiphysics simulation. E PV is the instant electrical power generated by PV cells per unit collecting area. The coefficients, a 1 , a 2 and a 3 , in Eq. (1) are related to the glass reflectance, absorptance of the PV cells and absorber, PV cell parking/active area as follows 8 < :
where R g ¼ 0.04, a g ¼ 0.06 are the reflectance and absorption coefficient for the glass cover, a s ¼ 0.674, a p ¼ 0.674 are the reflectance and absorption coefficient for PV cells and absorber. The solar beam is reflected by the reflective films, thus the corners between the two CCPCs are dark, thus a 3 ¼ 0, A cell is the area of all the cells in a PV module and A c is the collecting area of PV module.
It should be pointed out that the expression of a 2 used in Refs. [19, 30] excludes A cell =A c . Ignoring this term gives an equivalent of PV cells covering the whole surface of absorber and as a result, the energy balance is not held, because an extra energy ð1 À R g Þð1 À a g Þð1 À A cell =A c Þa s S Â CR Â h opt will be generated. This overlooking is corrected here.
Optical model
For a flat PV module or panel, the optical efficiency h opt shown in Eq. (1) is dependent on the solar beam incidence angle q [34] and expressed by the following expression
where h opt ð0Þ is the optical efficiency at zero incidence i.e. q ¼ 0 ; coefficient a 2 involves the reflection and absorption of the glass, thus h opt ð0Þ ¼ 1; g is an experimental incidence angle modifier (IAM) coefficient, g ¼ 0.05 [35] .
For the CCPC modules with CR ¼ 3.6, the optical efficiency was calculated with CFD code ANSYS CFX ® and good agreement was achieved between the prediction and the measurement [14] . In the simulations, the solar radiation governing equations were solved by using Monte Carlo method under an assumption that the medium is grey, homogenous with non-scattering reflection, thus the radiative properties of the medium are independent of the wavelength of sunlight. Solar beam reflection and refraction through the interface between two media is considered to be unpolarized twocomponent radiation with an equal intensity, and the angle of refraction is determined by using the Snell's law of refraction. The air flow inside the CCPC cavity is considered to be steady-state and laminar, and the Boussinesq model is adopted to estimate the density difference in the momentum equations. Finally, in the solid domains, the heat transfer equation through conduction is solved. The resulted optical efficiency was best fitted with a linear and 5 thorder polynomial as follows
The curves are compared with the CFX prediction as shown in Fig. 4 .
The solar beam incidence on a PV module in daylight period is calculated by using the method suggested in Ref. [26] based on the geographical location of the site where the PV module is installed and its inclination angle at a series of clock time moments from morning to evening.
Thermal model
In Eq. (1), h ga is the heat transfer coefficient to account for the radiative heat losses of the top glass cover to the sky plus the wind convection heat transfer coefficient. Variables h sg and h pg represent the radiative heat transfer coefficient plus natural convection heat transfer coefficient of the PV cells and absorber to the glass cover, respectively; while h pb is the radiative heat transfer coefficient of the absorber plate to the back cover, h pb ¼ 0.692 W/(m 2 K) [19] .
These coefficients are written as
in which the emissivity ε g ¼ a g , ε s ¼ a s and ε p ¼ a p , s is the StefanBoltzman constant, h con is the free convection heat transfer in the cavity of between the glass cover and PV cells in a flat PV/T module or the CCPC cavity. For the former, the Hollands formula in Ref. [36] is used, which involves module inclination angle; but for the latter, the correlation in Ref. [37] is chosen, in which CR of CCPC and module inclination angle are taken into account. The correlation for the key temperature, T sky , is due to Schott (1985) and is more accurate than the others [38] . The formula of convection heat transfer coefficient due to wind h wind , is developed by McAdams (1954) [39] and is adopted here. Additionally, in Eq. (1), the forced convection heat transfer coefficients h pf and h bf decide the heat transfer in a heat exchanger. For the channels' fins, an empirical formula given in Ref. [40] is applied to predict the two coefficients according to the known fin geometrical parameters at a low channel Reynolds number in a range 0.1e100. The empirical formulas of the natural and forced heat transfer coefficients are a bit lengthy; one can refer to the appendix for their details.
Electrical model
In Eq. (1), E PV represents the electrical power generated by the cells in a PV module per unit collecting area and is calculated by the instant current and voltage of the PV cells by using the following expression under outdoor conditions
The current-voltage model of PV/T modules have been characterised in our indoor experiment under standard test condition, and they together are illustrated by a scaling law [32] I
where q is the electron charge and k is the Boltzmann constant,E g is the band-gap energy of PV cell, E g0 ¼ 1.121 eV used for diode silicon layer. Note the unit eV is converted to J in the expression of I d in Eq. Fig. 4 . Comparison of the optical efficiency of a CCPC with CR ¼ 3.6 between the CFX prediction and curve fitting, the symbols are for the CFX prediction, the lines for the curve fitting. Table 2 . Based on Eqs (3), (7) and (8), the electrical power under outdoor conditions can be calculated by means of a series of voltages of a PV module monitored. Note that the irradiance S in the scaling law should be the product of the monitored irradiance and optical efficiency, i.e. S Â h opt at every time moment.
Solution procedure
Note that Eq. (1) is transient, however, the transient effect needs a time-step in second order to get a converged solution for temperatures. As a result, the solution procedure is significantly timeconsuming. Therefore, the transient terms in Eq. (1) have been neglected as done in Refs. [19, 30] . Eventually, the heat transfer balance equations are rewritten in the following form
To justify the simplification above, a comparison with the transient model will be made and discussed in Section 4.3.1.
Since the solar irradiance S, ambient T a , optical efficiency h opt and water temperature at the first heat exchanger inlet T fi in Eq. 
dependent because the irradiance, wind speed and ambient temperature are time-dependent and exhibits a quasi-steady behaviour. Additionally, the heat transfer coefficients in Eq. (1a) depend on unknown temperatures themselves except the heat conductance between the PV cells and the absorber h sp ¼ 150 W/(m 2 o C).
Consequently, an iterative algorithm is needed. In doing so, firstly, the initial temperatures are assigned with T fi , then the heat transfer coefficients are calculated from Eqs. (5), and (A1)e(A4) with the initial temperatures. Eq. (1a) is solved in MATLAB with an embedded function-linsolve based on these temporary coefficients to secure an updated set of temperatures. Thirdly, a new set of heat transfer coefficients are worked out with these updated temperatures and Eq. (1a) is solved once again with the new set of coefficients to obtain a new set of unknown temperatures. Such a cycle is repeated until the temperature no longer changes and it is shown that ten iterative cycles are adequate. A flowchart for this procedure is shown in Fig. 5 . Further, in the roof-top systems shown in Fig. 1 , the heat exchangers are connected in series. At a time instant, the solution process proceeds from the fist PV/T module to another until the last one is achieved by assigning the water temperature at a heat exchange outlet to the water temperature at the next heat exchanger inlet. This procedure is followed to the next time instant until the sunset.
Results and discussions

Daily performance predictions and comparison with outdoor observations
To predict the electrical performance of the roof-top system in Fig. 1 , the solar irradiance on the inclined PV/T module top glass cover, ambient temperature, wind speed and water temperature at the first heat exchanger inlet in clear days, namely on 19 March 2016 in Glasgow, Scotland, on 17 September 2015 in Penryn, England and on 11 July 2016 in Jaen, Spain are extracted from the monitored data sets, and are illustrated in Figs. 6e8. The solar irradiance profiles exhibit a significant fluctuation in Glasgow and Penryn, especially in Penryn, mainly because of moving clouds. The incidence variations as a function of time are determined by using the method in Ref. [26] .
The predicted electric power, electric energy and cell temperature in the 56 inclined south-faced roof-top PV/T system on 19 March 2016 in Glasgow at _ m f ¼ 4.3 kg/min flow rate are presented in Fig. 9 . Since the solar irradiance is in peak and the incidence is reasonably small during 11:00e13:00, both the predicted and observed electric power in the two PV modules have a high yield, as shown in Fig. 9 (a) and (b). The accumulated total electric energy harvest also increases rapidly within that period of time followed by a steady growth, seen in Fig. 9(c) . The average error between the prediction and the observation is 13.47 ± 2.22%. Generally, the electric power for the 2 Â 2 CCPC PV/T module is predicted better than that of the 9 Â 9 module. But the issues causing an overprediction in power will be further discussed in Section 4.3.
The cell temperatures of the two PV/T modules are also in peak during 11:00e13:00 reaching a maximum of 17 C for the 2 Â 2CCPC PV/T module which is slightly higher than that in the first stage, i.e. the 9 Â 9CCPC PV/T module. This is considerably higher than the ambient and water temperature which was respectively 8e9 C and 10e14 C. But no comparison with experimental data is made here because the cell temperature was unavailable in our three systems. The reason is that measuring cell temperature is quite difficult since there are a large amount of peripheral elements surrounded the cells in a CPV/T system, and it has to be predicted with an empirical correlation or analytical method commonly [41] . Fig. 10 illustrates the results of the roof-top CPV/T system in Penryn installed at 30 south facing and operated at _ m f ¼ 2.96 kg/ min flow rate. It is shown in Fig. 7 that the solar beam incidence is always larger than 20 , which is beyond the optimal range of incidence [13, 14] . Here, the optimal incidence range of a CCPC is defined as the range in which the CCPC optical efficiency is the maximum. For the CCPCs in the paper, their optimal incidence range is 0 -20 . As a result, the two PV/T modules with CCPC just work efficiently at around 14:00 because the maximum irradiance and minimum incidence occur at that time moment. Since the incidence is improper for the two PV/T models with CCPC, their electrical performance is poorer compared with the two flat PV/T modules. Further, the electrical performance of 9 Â 9 Flat and 9 Â 9 CCPC PV/T models is more ineffective than that of the 2 Â 2 Flat and 2 Â 2 CCPC PV/T models somehow. Moreover, since the solar irradiance shows significant fluctuation, the cell temperature fluctuates as well. The mean error between the prediction and the observation is 7.17 ± 1.85%.The cell temperature can be as high as 20 C in comparison with 16 C maximum ambient temperature and 18.2 C highest water temperature at the first heat exchanger inlet.
The Jaen system, placed at 38 south facing, shows the two PV/T modules with CCPC start to generate electric power at as late as 10:00 and stop generating electrical power at as early as 15:00 compared with the two flat PV/T modules at 08:00 and 18:00 (Fig. 11) because the electrical power is nearly zero, suggesting the 9 Â 9 CCPC and 2 Â 2 CCPC PV/T modules are in inefficient operating condition with the incidence always larger than 20 . The electrical power profile of 2 Â 2 Flat PV/T module remains to be flat, unlike the profile of 9 Â 9 Flat PV/T module. Overall, the electrical performance of the 9 Â 9 Flat and 9 Â 9 CCPC PV/T modules is better than that of the 2 Â 2 Flat and 2 Â 2 CCPC modules. This situation seems to be identical to the roof-top system in Glasgow, but the predicted electrical energy is in very good agreement with the observed profile with only a 2.38% variation. The mean error between the prediction and the observation is 2.16 ± 0.67%.
In terms of the temperature variation, the predicted cell temperature can be as high as 41.7 C, compared with the 38 C maximum ambient temperature and the 41 C maximum water temperature at the first heat exchanger inlet. The cell temperature in the two 9 Â 9 CCPC and 2 Â 2 CCPC PV/T modules is also above the temperature in the two flat PV/T modules only from 11:00 to 16:00, otherwise it is below the temperature in the two flat modules.
Further to note that, in Figs. 9(a) and (b), 10(a)-(d) and 11(a)-(c), although a series of MPPs occur (the peaks in the figures), the zero electric power was measured and predicted even when the irradiance was non zero. This relates to the fact that the instant I-V curves of each module in the CPV/T systems are utilized to estimate the instant electrical power generated in both the observation and prediction operating at a time sequence. In the performance observation of the systems, the electrical circuit voltage was sampled and adjusted automatically and periodically with a certain time step to allow the circuit to experience a few number of In the performance predictions, the measured voltage at every time moment together with the corresponding irradiance, cell temperature is used as an input into the scaling law, Eqs. (7) and (8), to determine the electrical current and subsequently the electrical power in order to validate the models proposed in the paper. Likewise, the predicted electrical power is zero at every open and short circuit point even when the irradiance is non zero.
Annual and monthly predictions
In Section 4.1, short-term electric performance of three CPV/T systems was presented with the proposed coupled lumped opticalthermal-electrical model and a good accuracy has been demonstrated. Here, monthly electric performance of the same four stage CPV/T system when they are installed in Glasgow, Penryn and Jaen, respectively, is predicted to assess their potential electricity production.
Firstly, synthetic climate data in Glasgow, Penryn and Jaen including monthly global radiation, diffuse radiation on a tilted surface, ambient temperature as well as astronomical sunshine duration over 1991e2010 are generated based on the database of software-Meteonorm 7. Then, daily mean irradiance is obtained by dividing the monthly global radiation with the monthly astronomical sunshine duration. Thirdly, incidence profiles versus clock time on the average days of month (17th January, 16th in February, 16th in March, 15th in April, 15th in May, 11th in June, 17th in July, 16th in August, 15th in September, 15th in October, 14th in November and 10th in December) specified in Ref. [26] are created by using an in-house MATLAB code based on the method proposed in Ref. [26] . The mean time-weighted incidences are then determined by making use of the incidence profiles. However, note that a CPV/T module can no longer work when an incidence is higher than 90 because in this case, the solar beam has been incident on the back of the module, even though it is sunshine. Thus, the effective clock times and effective sunshine duration are proposed in the paper and have to be decided. The effective clock times include CPV/T start-working time at which the incidence is just 90 in the morning and CPV/T stop-working time at which the incidence becomes 90 once again in the evening. Naturally, the effective sunshine duration is determined from the difference between the CPV/T stop-working time and the startworking time. These data are tabulated in Tables 3e5 together with the mean wind speed in each month for Glasgow, Penryn and Jaen.
Finally, the monthly water temperature at the first heat exchanger inlet is needed for monthly performance predictions. Based on the three observations mentioned above, the water temperature can be correlated to the ambient temperature with the following expression,
where j represents a month of year, j ¼ 1, 2, …, 12.
The synthetic climate data in Tables 3e5 are used as an input to the code with the water mass flow rate of 4.3 kg/min and Eq. (9), respectively. The predicted electric energy based on the maximum power points is illustrated in Tables 3e5 and for comparison the energy yield is illustrated in Fig. 12(a) . As seen, in Glasgow and Penryn, the CPV/T system can perform well during March to September, compared to that in the other months. Further, the CPV/ T system shows having a better electric performance in Penryn than that in Glasgow during April to October. And, overall, the CPV/T system performance in Penryn is better than in Glasgow. Particularly, in Jaen, the electric performance of the CPV/T system is the best all year-round in comparison with those in Glasgow and Penryn because its electric energy is doubled or more in January, February, March, October, November, and December.
Based on Tables 3e5, the mean incidences of solar beam against the glass cover in the CPV/T systems vary in a range of 33 -50 in Glasgow, 44 À55 in Penryn and 40 -51 in Jaen, and they are far away from the optimum range of 0 -20 . As a result, the CCPCs are subject to an optical efficiency as low as 14.2% in April in Glasgow, 12.9% in January in Penryn and 14.3% in June in Jaen, respectively, even though the flat PV models are with an optical efficiency of over 96%. This suggests that the flat PV/T modules are running nearly under the optimal condition but the PV/T modules with CCPC are operating under the off-optimal condition. To improve the CCPC optical performance further, a sun tracking device should be included with the PV/T system and the research on this is currently underway. If however the roof-top systems are operated within the optimal range of 0-20 , the model predicts that the corresponding monthly electric power could be approximately two times greater as shown in Fig. 12 (b) , since in this case, the optical efficiency of the CCPCs is as high as 84% (Fig. 4) . Accordingly, the annual electric energy generated by the three systems is depicted in Fig. 13(a) . The electric energy produced in Jaen is more than double compared to that in Glasgow, while the energy in Penryn is 20% higher than that in Glasgow. Similarly, if the solar radiation incidence on the three roof-top systems is maintained at the optimal incidence, the annual electricity yield from the systems, as illustrated in Fig. 13(b) , is nearly 2.2 times that generated at the incidences outside the optimal range. To initiate the solution procedure, an initial temperature filed is set. Here the initial temperature of the top glass cover is assumed to be equal to the ambient temperature, while the initial values of the rest temperature are assigned to be the water temperature at the first heat exchanger inlet. In the observation, the sampling time for one I-V curve was 5.5 s, but the sampling time between two I-V curves was 461 s. These two sampling times are longer than the time-step required for simulation, therefore an interpolation scheme is employed to interpolate the observed data from the known coarse time profile to a profile with a fine time-step. Here a shape-preserving piecewise cubic interpolation of the values at neighbouring time grid points is chosen. Since the observed data in Jaen show less fluctuation, they are used in the transient simulation to reduce any potential errors in the interpolation. (7), any change in the cell temperature T s leads to a considerable increased in the current and subsequently in the electric energy.
Diffuse radiation component
The diffuse solar radiation on the Earth is the solar beam which is reflected/scattered by suspended solid particle, water droplets and molecules in the atmosphere [26] . The diffuse radiation component is isotropic, when it reaches on the mirror or reflective film, and the radiation intensity of the reflected diffuse component is the same in all the direction. In other words, the diffuse radiation cannot be concentrated by a CCPC, and it is considered to be a beam with effective incidence angle onto the CCPC [43] .
According to Tables 3e5, the ratio of the diffuse solar energy over the global solar energy depends on month, especially on the place where the CPV/T system is installed. For example, the mean ratios of diffuse solar energy are 0.488, 0.486 and 0.282 in Glasgow, Penryn and Jaen, respectively. To consider the diffuse radiation effect, the second and third equations in the heat transfer balance equations Eq. (1) are modified in the following manner while the rest remains unchanged, where d is the ratio of the diffuse irradiance over the global irradiance on a CPV/T module, h opt is the optical efficiency of flat module or module with CCPC for the diffuse irradiance issued from the sky, and depends on the effective incidence angle determined with the following expression [43] ,
where b is the tilted angle of a CPV/T module. When the effective incidence is available, h opt1 can be estimated from Eq. (3). Accordingly, the irradiance for estimating the electric power via Eq. (6) is
For the roof-top system in Glasgow, two cases are further investigated with the two ratios of the diffuse irradiance based on the quasi-steady model. From Table 3 , the daily mean ratio of the diffuse irradiance in March is 0.429, thus, the first ratio of the diffuse irradiance is chosen to be d ¼ 0.429. In Ref. [44] , another daily mean ratio of the diffuse irradiance in March is given as 0.338, consequently, in the second case, d ¼ 0.338. For the roof-top system in Jaen, the daily mean ratio of the diffuse irradiance is d ¼ 0.186 in July based on Table 5 . Hence this ratio is chosen in the quasi-steady and transient models, respectively. The electrical energy profiles in these cases are illustrated in Fig. 15 . For the roof-top system in Glasgow, the predictions with diffuse irradiance fall under the experimental data with d ¼ 0.338 giving slightly better prediction, compared with Fig. 9(c) . For the roof-top system in Jaen, since the ratio of diffuse irradiance is less than 0.2, its effect on the predictions is limited in both transient and quasi-steady models in comparison with Fig. 11(e) . This thus suggests that if a ratio of the diffuse irradiance becomes less than 0.2, its effect can be negligible.
Thermal model for storage tank
Thermal modelling for storage tanks in solar energy application is a well-established subject; especially a multi-node/segment thermal model, proposed in Ref. [26] , has been successfully applied in the thermal performance prediction of a stratified thermal storage tank [45] , storage tanks for copolymer solar water collector [46] , thermal solar collectors [47] , and thermal collector in series [48, 49] . In the model, the storage tank water body is divided into a number of equal volume segments from the water top surface to the bottom. In each segment the water temperature is constant, but it varies from one segment to another. The following heat transfer balance equation [46, 47] is solved neglecting any heat loss from the connecting pipes and thermal load as well as heat conduction in the water body.
where r fj , C fj and V fj are the water density, heat capacity and volume in the segment j th , here j ¼ 1, 2, …, N t , andN t is the total number of segments, N t ¼ 10 [47] ; T j is the temperature of water in a tank; T fout is the temperature of water at the outlet of the last heat exchanger of the CPV/T module, and it has been determined in the previous sections based on a known temperature of water at the inlet of the first heat exchanger; h t is the heat transfer coefficient between the tank wall and the outside air, h t ¼ 4:38 W/K [50] . B j is a control function, and _ m sj is the mass flow rate between two segments, they are determined by the following equations [49] 
Eq. (11) is incorporated into the thermal-optical-electrical modelling code and solved with the same numerical method presented in Section 4.3.1 at every 0.5 s time-step to predict the temperature of water with 113.65 L volume in the storage tank on 19 March 2016 in Glasgow, 11 July 2016 in Jaen, and 17 September 2015 in Penryn, respectively. As seen in Fig. 16 , the temperature of water in the top segment is nearly the same as the temperature of water in the bottom segment. It thus suggests that the water is well mixed and does not exhibit any stratified effect. A comparison is also made against the experimental water temperature profile at the inlet of the tank and shown in Fig. 16 . While the Penryn data seem to give excellent agreement, the model underpredicts the water temperature in the Jaen system. In Glasgow, a variation is also seen, but generally a less than 2 C difference is found in the Glasgow and Jaen modules when comparing between the predicted and observation data.
Conclusion
In the article, a coupled lumped optical, thermal and electrical model is developed for roof-top PV/T systems with and without CCPC and applied to predict the electrical performance of such systems installed in Glasgow, Penryn and Jaen. It is demonstrated that the proposed model is reasonable and feasible in predicting the electrical performance of the systems with a mean error in the range of 2e14% for electrical energy. Long-term as well as monthly electric performance of the systems in the three places is also predicted based on the synthetic climate data generated with Meteonorm 7. The system demonstrates better performance in Jaen than in either Glasgow or Penryn. This is due to higher direct normal irradiance under the Jaen climate conditions. Transient terms and diffuse irradiance are significant on influencing the electric energy profile, however, the diffuse irradiance effect can be ignored if the ratio of diffuse irradiance over the global irradiance is less than 0.2. It is identified that all the systems are subject to an incidence larger than 10 , causing the CPV/T systems to exhibit unsatisfactory performance. Further work should include outdoor observation of diffuse irradiance as well as development of a sun tracking device.
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Appendix. Empirical formulas for natural and forced heat transfer coefficients
Based on experimental data for natural convection heat transfer in parallel plates, which resemble to the case in flat PV/T module with filled air between the top glass cover and the PV cells, the following correlation was proposed to estimate the Nusselt number [36] Nu ¼ 1 þ 1:44 For natural convection heat transfer in a CPC cavity, a series of experiments were conducted in Ref. [37] on variable CR and inclination angle, the average Nusselt number on the top glass cover was correlated to Rayleigh number by the following relation 
